Compact yellow ͑560 nm͒ and green ͑532 nm͒ picosecond pulse sources are demonstrated that utilize second-harmonic generation in periodically poled potassium titanyl phosphate waveguides. Both systems employ ytterbium-doped fiber pump sources. In the yellow case, efficient single-pass Raman scattering in 25 m of dispersion-compensating fiber was additionally used to generate the 1.12 m pump. Raman gain could similarly be used in compact configurations to generate other pump wavelengths for use in frequency upconversion schemes. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2174102͔ Nonlinear frequency upconversion in periodically poled ͑PP͒ ferroelectric materials is a well-established and efficient method for generating visible wavelengths from infrared pump sources.
Nonlinear frequency upconversion in periodically poled ͑PP͒ ferroelectric materials is a well-established and efficient method for generating visible wavelengths from infrared pump sources.
1,2 Tens of watts average power and kilowatts of peak power are now readily attainable for use in applications, such as medicine, spectroscopy, and astronomy. Much of this success and the commercial potential for this technology is due to the use of rare-earth-doped fiber pump sources.
3 These sources are compact, robust, efficient, aircooled, and do not require optical alignment. In conjunction with fiber nonlinearity, they can be designed to operate from 1 -1.8 m in both continuous-wave ͑cw͒ and pulsed regimes.
PP ferroelectric waveguides have attracted attention in recent years as higher conversion efficiencies are possible than that obtained with confocal focussing in bulk arrangements as a result of prolonged wave interaction at higher intensities. [4] [5] [6] [7] Waveguides have the additional potential of being fiber pigtailed, allowing for efficient integration into compact configurations with fiber pump sources.
In this letter, we show the potential of wavelength versatility in the visible by demonstrating compact green and yellow picosecond pulse sources that employ secondharmonic generation ͑SHG͒ of ytterbium-doped fiber ͑YDF͒-based pump sources in periodically poled potassium titanyl phosphate ͑PPKTP͒ waveguides. For the yellow-range source, single-pass Raman scattering was used to obtain the fundamental 1.12 m picosecond pulses from a 1.06 m YDF pulse source. It should be mentioned that cw and long pulse ͑ns͒ yellow light have been generated before using SHG or sum-frequency generation ͑SFG͒ and various bulk solid-state pump sources. 8, 9 Sometimes Raman scattering in a bulk crystal was employed to obtain a desired pump wavelength. 8 Of note in one scheme, a fiber pump laser and Raman scattering in a fiber were used to generate cw light at 569 nm using SFG in an intracavity nonlinear crystal. 10 To the best of our knowledge, however, our scheme is the first to obtain picosecond yellow pulses in a potentially all-fiber configuration. Of importance are the system's simplicity, the lack of a need for optical alignment, and the potential to be used to reach other visible wavelengths.
In the green system, the pump consisted of a fiberintegrated passively mode-locked YDF pulsed source that provided 4.3 ps pulses at a 51 MHz repetition frequency and up to 5.6 mW ͑22.5 W͒ of average ͑peak͒ power. The source had a central wavelength of 1064 nm and a 3 dB bandwidth of 0.3 nm. To generate the green, we used an external fiber polarization controller to optimize the polarization for the SHG process and launched the pump light into the PPKTP waveguide via a collimating/focussing lens arrangement. The PPKTP crystal comprised a range of waveguides with different poling periods, each with a length of ϳ1 cm, a width and height of 4 m, and separation from neighboring guides of 25 m. The poling period of the guide used for SHG of the 1064 nm fundamental was 8.42 m and the poling duty cycle was 50%. The green output was collimated after the waveguide and passed through two dichroic beam splitters to remove the remnant pump. tained from green and pump power measurements at the output of the waveguide. The internal powers were calculated by considering Fresnel reflection at the crystal facets and, in the pump case, assuming no loss in the waveguide. The pump was observed to have a 67% coupling ratio into the guide. A maximum green average power of 41.7 W was measured out of the crystal, corresponding to an internal conversion efficiency of 1.9% ͑assuming as a guideline equal pump-signal pulse durations͒. Using this information and with the assumptions of no pump depletion, a loss-less waveguide and a 16 m 2 modal overlap area, an effective nonlinearity, d eff , of 16.2 pm/ V was calculated. 6, 11 The phasematching curve for this waveguide was also obtained by its temperature tuning ͑Fig. 1 inset͒. It had a peak at 21.6°C and a 3 dB bandwidth of 14.6°C, corresponding to a wavelength bandwidth of ϳ0.7 nm. 11 It should be noted that the green conversion efficiency was not limited by the fundamental and second-harmonic pulses separating due to dispersive differences, as the walk-off length is estimated to be ϳ2 cm for 4 ps pulses. Figure 2 shows the experimental configuration that was used to generate the yellow pulses. The 1064 nm source was transmitted through 1.14 km of dispersion-compensating fiber ͑DCF͒ to dispersively broaden the pulses to a ϳ50 ps duration. Before launching into the DCF, these pulses were attenuated to −19 dBm to avoid spectral broadening due to nonlinearity in the fiber. The 50 ps 1.06 m pulses were then amplified in a series of YDF amplifiers ͑YDFAs͒ and launched into a 25 m DCF ͑5.34 m mode field diameter at 1.55 m͒ with up to 500 mW ͑ϳ184 W͒ average ͑peak͒ power where Raman scattering took place. 12 A filter was used after the first YDFA to remove amplified spontaneous emission resulting from the YDFA. An isolator after the second YDFA prevented backreflections into the amplifiers. After the Raman fiber, up to ϳ40% of the output could be obtained at the 1.12 m Stokes wavelength. Figure 3 shows the spectrum and streak camera trace ͑inset͒ of the pump and Stokes pulses at the output of the Raman fiber. The Stokes pulses had a duration of ϳ45 ps at a 51 MHz repetition frequency. The ϳ90 ps separation between the pulses is due to pump-Stokes group velocity dispersion differences in the Raman fiber. It should be noted that the original 4.3 ps 1.06 m pulses were broadened in the stretcher DCF to optimize this wave interaction in the Raman fiber. Spectrally, the Stokes signal exhibited a 8.1 nm 3 dB bandwidth.
To generate the yellow pulses, a different PPKTP waveguide was used in the crystal that had a 6.40 m poling period and a 50% duty cycle. Again, the output from the crystal was collimated and two beam splitters were used to remove the pump waves. Figure 4͑a͒ shows the yellow second-harmonic internal power conversion curve. In the yellow case, the 8.1 nm wide 1.12 m pump bandwidth is larger than the quasi-phase-matching bandwidth of the waveguide. The phase-matching curve was recorded by temperature tuning the PPKTP crystal. It was found that nearly the same efficiency phase-matching occurred over the 15-60°C, temperature range which could be explained by the broad bandwidth of the fundamental. At 15.3°C, the highest conversion efficiency was measured. Figure 4͑b͒ shows the measured yellow output spectrum and streak camera trace of the corresponding pulse ͑inset͒. The yellow signal had a central wavelength of 559.7 nm and a 3 dB linewidth of 1.7 nm. Taking this value as an approximation of the phase-matching bandwidth to estimate the percentage of the pump bandwidth used in SHG and assuming no pump depletion, a loss-less waveguide and a 16 m 2 modal overlap area, an effective nonlinearity, d eff , of 17.0 pm/ V was calculated. The yellow pulses had a duration of ϳ40 ps, as shown in Fig. 4͑b͒ ͑inset͒. A maximum yellow average ͑peak͒ power of 2.3 mW ͑1.0 W͒ was obtained out of the waveguide that corresponded to a maximum internal conversion efficiency of ϳ14.6% with the above assumptions.
In conclusion, the potential for diverse wavelength generation in the visible, particularly of the yellow and green, was demonstrated by employing SHG of fiber picosecond pulse sources based on YDF pumps in PPKTP waveguides. The wavelength versatility, as in the yellow source, was achieved by employing Raman scattering in a 25 m DCF to obtain the 1.12 m fundamental pulses. Similarly Raman gain could be used to flexibly obtain other desired pump wavelengths to achieve SHG to a wider range of visible wavelengths. In both systems, increased conversion to the visible could be achieved using longer crystals. Finally, fiber pigtailing of the waveguides could lead to very compact and stable configurations in conjunction with such fiber pump sources.
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